Reorganization of the actin cytoskeleton plays crucial roles in many cellular functions, including morphology, motility, and adhesion. Regulation of actin polymerization and depolymerization is orchestrated by small GTPases of the Rho family; these proteins are also important in regulating gene transcription. The basic signaling properties of two major subgroups of Rho GTPases - the Cdc42 and Rac subfamilies - are highly conserved amongst all eukaryotes, but the means by which they act are not well understood. In an effort to understand the fundamental signaling elements, or \'core machinery\', required for the function of these GTPases, we describe here the conservation and functional similarities of Cdc42 and Rac effectors in five different species: plant, yeast, fruit fly, roundworm and human. We focus on six \'core\' effectors that operate in almost all these species - members of the Pak, WASP/WAVE, formin, lipid-kinase, IQGAP and NADPH oxidase families. Additional modules that have been added during the evolution of particular lineages are not considered in detail here.

Core functions of Rho GTPases
=============================

Rho GTPases are small (20-30 kDa) GTP-binding proteins of the Ras superfamily. The Rho subfamily is divided in three main subgroups - Cdc42, Rac, and Rho - examples of which are represented in all eukaryotes from plants to man. The mammalian Rho family consists of at least sixteen distinct members: the Cdc42 subgroup (Cdc42, TC10, Chp, and Wrch-1); the Rac subgroup (Rac1-Rac3); and the Rho subgroup (RhoA-RhoE, RhoG, RhoH, Rnd1, and Rnd2). In this article, we focus on the signaling mechanisms of two of these three subgroups, Cdc42 and Rac, as they are often linked in their physiological functions and have several effectors in common.

Cdc42 and/or Rac homologs are found in fruit flies, round-worms and budding yeast. Interestingly, small GTPases related to Rac are found even in organisms that lack Ras, such as plants. This broad distribution across widely divergent eukaryotic species suggests that Cdc42 and Rac GTPases have an ancient origin, perhaps even predating that of their cousin Ras. The analysis of Cdc42 and Rac function in evolutionarily distant organisms is useful as a tool to uncover the basic activities of these proteins. In all systems, these GTPases are best known for their effects on the polymerization and distribution of actin in the cell cortex \[[@B1]\]. This activity is strongly conserved and probably represents a primordial function of these proteins. By regulating filamentous actin, Cdc42 and Rac exert a profound effect on cell shape, polarity, migration, cell:cell and cell:matrix adhesion, protein traffic, and cytokinesis. In addition, they play important roles in gene transcription (via activation of mitogen activated protein (MAP) kinase pathways and, in higher eukaryotes, the transcription factor NFκB), generation of reactive oxygen species, apoptosis, and cell-cycle progression.

Core GTPase effectors
=====================

In mammalian cells, as many as twenty types of protein have been reported to bind to activated Cdc42 \[[@B2]\]. A roughly similar number of proteins are recruited to activated Rac \[[@B3]\]. Among this large group of effectors are protein kinases; lipid kinases, hydrolases, and phosphatases; actin-bundling proteins; coatomers (vesicle coat proteins); adaptor proteins; and proteins that interact with members of the Arp2/3 complex and hence the actin cytoskeleton (Table [1](#T1){ref-type="table"}). Many, but not all, of these effectors contain a conserved 18 amino-acid binding motif that has been termed CRIB (Cdc42-Rac interactive binding), PBD (p21-binding domain) or GBD (GTPase-binding domain) \[[@B4]\]. This motif is found in Cdc42/Rac-associated proteins such as the protein kinases Pak, MRCK and Ack, the adaptor proteins Spec and WASP, and, in degenerate form, in the kinases MLK, Mekk4, adaptor Par6, scaffold protein IRSp53, and the Borg proteins. Interestingly, the CRIB motif also makes an appearance in plant proteins, but here it is attached to a GTPase-activating protein, or GAP (reviewed in \[[@B5]\]). The presence of such CRIB-containing proteins in plants suggests that either the CRIB motif has a very ancient origin, and became associated with a variety of signaling proteins over the course of evolution in various organisms, or else it arose independently in plants. The latter possibility seems unlikely, however, as there are several Rac effectors that lack a CRIB domain, indicating that this particular sequence of amino acids is not a unique solution to the problem of how to bind activated Rac.

Although the total number of Rac and Cdc42 effectors is not yet known for any organism, it is already sufficiently high that an analysis of the role of individual effectors is difficult. For example, in mammalian cells, the identities and relative contributions of the Cdc42/Rac effectors that mediate activation of the Jnk family of kinases are in dispute, with competing claims made for the Pak, MEKK and MLK kinases and for the adaptor protein POSH \[[@B6],[@B7]\]. Similarly, the relative contributions of various Cdc42/Rac-binding protein kinases to actin reorganization are far from settled. Several approaches have therefore been taken in an attempt to elucidate the precise role of Cdc42/Rac effector proteins. For example, gene deletions have been used to analyze the role of Cdc42 effectors in budding yeast. In mammalian cells, loss-of-function studies of Cdc42 and Rac effectors are less complete, and overexpression studies, using constitutively active or dominant-negative mutants, have instead been the predominant methods of analysis. Several groups have also analyzed the signaling properties of Cdc42 and Rac mutants that selectively bind certain sets of effector proteins \[[@B8],[@B9],[@B10]\]. In general, these kinds of studies have been more useful in excluding effectors from a given Cdc42/Rac function than in proving their involvement.

Another way to reduce this complexity to a more manageable level is to consider which small-GTPase effectors are shared among evolutionarily distant organisms. Presumably, effectors that are preserved across long periods of time represent key proteins that are required to carry out the core activities of the GTPase. If we apply such an evolutionary filter to Cdc42 and Rac effectors, including only those effectors that are shared in mammals and yeast or plants, we find that only a small subset of proteins emerge as potential components of a core apparatus. These are p21-activated kinases (Paks), Wiskott-Aldrich syndrome proteins (WASPs) and their relatives the WAVEs, formins, lipid kinases, IQGAPs, and NADPH oxidases (Figure [1](#F1){ref-type="fig"}).

Paks
----

Paks are serine/threonine protein kinases that associate with Cdc42, and usually also with Rac, via a conventional CRIB motif. The Pak family in mammals has six members, which can be further divided into two groups on the basis of structure \[[@B7]\]. Plant genomes do not encode any Paks, but both the budding and the fission yeast genomes encode multiple Pak homologs that are critical to cell polarity, mating, and cytokinesis. In the budding yeast *Saccharomyces cerevisiae,* the Pak homolog Ste20p phosphorylates the MEKK-like protein kinase Ste11p, and thus activates the mating and filamentous growth MAP kinase pathways \[[@B11]\]. A similar arrangement is found in the fission yeast *Schizosaccharomyces pombe,* in which Pak1 and Pak2 act upstream of MAP kinase cascades \[[@B12],[@B13]\]. Given that these two yeasts are only distantly related (having diverged around 800 million years ago), these data support the idea that Paks constitute a conserved and fundamental link from Rho GTPases to MAP kinase cascades. This notion is supported by data from mammals, in which Paks have also been shown to function in MAP kinase activation, albeit in a more baroque manner than in yeast. Here, the linkage is through the kinases Raf1 and Mek1, which Pak phosphorylates \[[@B14],[@B15]\]. Such phosphorylations are not in themselves sufficient for MAP kinase activation, but rather are permissive events: they promote efficient coupling of Raf to Ras and of Mek to Raf, respectively. There is also evidence that Paks may mediate Cdc42 and Rac signaling to stress-activated kinases such as Jnk and p38. The effects of Paks on these stress-kinase cascades are not robust, however, and there is as yet no evidence that Pak acts directly on any MEKKs.

In addition to their effects on MAP kinase cascades, Paks also play an important role in regulating cell morphology. In budding yeast, the Pak Ste20p phosphorylates myosin I and is also associated with the scaffold proteins Ste5p and Bem1p, both of which interact with actin. One other Pak target of note in yeast is the guanine-nucleotide exchange factor (GEF) Cdc24p, which is inactivated as a consequence of phosphorylation. By phosphorylating Cdc24p, the Pak homolog Cla4p provides a feedback inhibition to terminate Cdc42p action as the cell cycle progresses \[[@B16]\]. Thus, Paks in budding yeast link a Rho family GTPase (Cdc42p) to the cell polarity and morphology apparatus via a variety of cytoskeletal targets. In metazoans, the same general rules seem to apply. The fruit fly and worm genomes each encode at least one enzyme from each Pak subgroup, and genetic analysis in *Drosophila* indicates that these different forms of Pak play distinct roles in embryogenesis: DPak (a group I Pak) is genetically linked to Dock (an adaptor protein homologous to mammalian Nck), Trio (a Rac GEF), and Rac, and is involved in axon guidance \[[@B17],[@B18]\], whereas *mbt* (which encodes a group II Pak), is required for normal development of the mushroom body, which is thought to be the seat of memory formation in flies \[[@B19]\]. The relevant targets for DPak and Mbt are not known. In man, mutations in the brain-specific Pak3 gene are associated with mental retardation \[[@B20],[@B21]\].

The sum of the genetic data is consistent with the notion that one of Pak\'s oldest functions is to regulate actin dynamics. These data are supported by overexpression experiments in mammalian cells, which suggest that Paks play a key role in actin polymerization and in cell motility (reviewed in \[[@B6]\]). In higher eukaryotes, two relevant Pak targets are LIM kinase and myosin light chain kinase (MLCK), which control actin dynamics via their substrates cofilin and myosin light chain, respectively \[[@B22]\]. When activated LIM kinase phosphorylates cofilin, cofilin becomes inactive and promotes stabilization of actin filaments, whereas the phosphorylation of MLCK decreases its ability to phosphorylate and activate the regulatory light chain of myosin. The tumor suppressor Merlin has recently emerged as a third potentially important target that might mediate Pak\'s cytoskeletal effects in mammalian cells \[[@B23]\]. Merlin belongs to the Ezrin/Radixin/Moesin family of proteins, which are thought to link actin filaments to the plasma membrane. Pak phosphorylates Merlin, downregulating Merlin\'s activity. Finally, stathmin, a protein that regulates microtubule stability, is also a direct target of Pak \[[@B24]\]. Stathmin may link Cdc42, via Pak, to the tubulin cytoskeleton.

WASPs and WAVEs
---------------

WASPs and WAVEs represent another class of ancient small-GTPases effectors and are likely to be essential for small-GTPase function in all eukaryotes. In mammals, there are two forms of these proteins, the WASPs, which are activated by Cdc42, and the WAVEs, which are activated by Rac. WASP/WAVE homologs are found in *Drosophila, Caenorhabditis elegans,* and yeast. Interestingly, while the WASPs contain a recognizable CRIB motif, the WAVEs do not. Instead, their linkage to small GTPases is thought to be provided by an adaptor protein, IRSp53 \[[@B25]\], although its precise role is controversial \[[@B26]\]. In budding yeast, a similar arrangement may prevail, as the WASP/WAVE homolog Bee1p lacks a CRIB motif but is associated with Cdc42p indirectly via a formin \[[@B27]\]. Disruption of WASP/WAVE function has major consequences for actin organization in every system where it has been studied. In budding yeast, loss of Bee1p leads to a severe defect in cortical actin-patch assembly \[[@B28]\], while in fruit flies WASP has an essential role in lineage decisions mediated by the Notch signaling pathway \[[@B29]\]. In man, mutations in WASP lead to severe immunodeficiency (the Wiskott Aldrich syndrome, from which the protein takes its name); this disorder is characterized at the cellular level by abnormalities of cytoskeletal structure, polarization, and motility. WASP has been shown to regulate actin polymerization by stimulating the actin-nucleating activity of the Arp2/3 complex \[[@B30]\]. The binding to WASP of GTP-Cdc42 (via the CRIB motif) and phosphatidylinositol bisphosphate, PIP~2~ (via a pleckstrin-homology lipid-interaction domain), induces WASP activation by opening the normally masked and auto-inhibited carboxy-terminal WASP domain that binds Arp2/3. In this way, WASP regulates the position of newly assembled actin filaments.

Formins
-------

Formins are a diverse group of proteins defined by the presence of two regions of sequence homology, an approximately 100 amino-acid, proline-rich region termed FH1 (formin-homology 1), and an approximately 130 amino-acid region termed FH2 \[[@B31]\]. Many members of the formin family affect both the actin and the tubulin cytoskeletons, but it is not clear if all proteins with FH domains retain these functions. For example, *Arabidopsis* encodes at least eight proteins with FH domains, but their unusual structures (for example, including both signal peptides that indicate secretion and transmembrane motifs) suggests that these proteins have functions that are unique to plants \[[@B32]\]. In fungi, including yeast, and in animal cells, several formins are known to bind to activated Rho-family GTPases and are implicated in cytoskeletal regulation. In budding yeast, the formin Bni1p is associated, via its amino terminus, with Cdc42p, and, via its FH1 domain, with profilin and Bud6p, both of which regulate actin dynamics \[[@B33]\]. Mutations in *BNI1* lead to defects in cortical actin patch assembly. In *Drosophila,* the gene encoding the formin protein Diaphanous is required for cytokinesis \[[@B34]\]. Embryos lacking Diaphanous show fatal defects in actin-filament organization that result in abnormalities in formation of the metaphase furrow, in cellularization, and in the formation of pole cells \[[@B35]\]. In *C. elegans,* the formin Cyk-1 co-localizes with actin filaments at the cleavage furrow of dividing cells, and loss of Cyk-1 function leads to abnormal polar-body extrusion during meiosis and aberrant cytokinesis during embryonic mitosis \[[@B36]\]. There is no biochemical or genetic evidence, however, that either Diaphanous or Cyk-1 is linked to small GTPases. In mammals, formins have been firmly associated with both Rho and Rac.

Mammalian formins, such as the Diaphanous homologs mDia1 and mDia2, play a key role in the formation of stress fibers (a Rho function) as well as cytokinesis and Rho-mediated transcriptional activation of the serum response factor \[[@B37]\]. How these effects are achieved is not known, but the mDia proteins, like yeast Bnip, do associate with profilin \[[@B38]\]. Recently, another member of the formin family, termed FHOS, has been shown to bind activated Rac1 rather than Rho \[[@B39]\]. Like the mDia proteins, PHOS regulates the activation of the serum response factor by a GTPase (Rac). Unlike budding yeast formins, however, mammalian formins have not been found to associate with Cdc42. A formin-binding protein is closely related to the Cdc42 effector protein CIP4, raising the interesting possibility that some formins could be indirectly linked to Cdc42 \[[@B40]\]. Thus, formins are ancient, highly conserved effectors for Rho-family GTPases that, like Paks, mediate both cytoskeletal and transcriptional responses.

Lipid kinases
-------------

Two lipid kinases, phosphatidylinositol 3-kinase (PI 3-kinase) and phosphatidylinositol-4-phosphate 5-kinase (PI 5-kinase), have been found to act downstream of Rho GTPases. Whether PI 3-kinase represents a core Cdc42/Rac effector, as defined in this article, is debatable, as the evidence for a relationship between PI 3-kinase and Cdc42/Rac is confined to mammalian systems, but PI 5-kinase is known to act as a cytoskeletal effector for Rac homologs in both man and plants \[[@B41],[@B42],[@B43]\]. PI 5-kinase generates the lipid PIP~2~ which is an important second messenger in the regulation of actin cytoskeletal dynamics; it uncaps actin filaments (primarily by binding to actin-capping proteins) and thus allows for their further polymerization. PI 5-kinase activity is physically associated with the Rac-related Rop proteins in plants and is thought to regulate calcium fluxes and actin dynamics \[[@B42]\]. In *S. cerevisiae,* the PI 5-kinase Mss4p is required for normal actin dynamics and is genetically linked to *RHO2,* but the nature of this relationship is undefined \[[@B44]\]. Homologous PI 5-kinases are expressed in fruit flies and roundworms, but they have not been linked to Cdc42, Rac, or Rho GTPases in these organisms. In mammalian cells, Rac and Rho interact directly with PI 5-kinase. Blockade of PI 5-kinase activity by overexpressing a kinase-dead PI 5-kinase mutant blocks Rac-induced actin assembly, and Rac mutants that cannot bind PI 5-kinase fail to assemble actin *in vitro* \[[@B45]\]. These results demonstrate that PI 5-kinase is a critical mediator of Rac-dependent actin assembly.

IQGAPs
------

In spite of their name, IQGAPs have no GTPase-activating activity. Instead, these highly-conserved proteins are *bona fide* cytoskeletal effectors for Cdc42 and Rac. IQGAPs are broadly distributed: homologs have been found in yeast, *Hydra, Dictyostelium, C. elegans,* and many other eukaryotes, though not, surprisingly, in *Drosophila.* In *S. cerevisiae* Iqg1p is involved in actin recruitment to the bud neck \[[@B46],[@B47]\]; it promotes cytokinetic actin ring formation and is required for cytokinesis and viability. Iqg1p acts as a scaffold to recruit and localize a protein complex involved in actin-based cellular functions, and thus mediates the regulatory effects of Cdc42p on the actin cytoskeleton \[[@B48]\]. A similar actin-filament bundling function has been proposed for mammalian IQGAPs \[[@B49]\]. In mammalian cells, IQGAPs interact with both GTP-Rac1 and GTP-Cdc42, and localize to membrane ruffles. IQGAP1 has been detected in a complex with filamentous actin and Cdc42, and has been shown to localize to cell-cell adhesion sites. It has also been detected in a complex with Cdc42 and the Golgi apparatus \[[@B50]\]. The combined genetic and biochemical data on IQGAPs suggest that these proteins are Cdc42/Rac effectors that contribute to proper actin organization, particularly during cytokinesis.

NADPH oxidases
--------------

In mammalian cells, Rac is well-known as a regulator of the NADPH oxidase complex, a specialized enzyme of phagocytic cells that generates oxygen radicals to kill internalized microorganisms. A cytoplasm-derived component of the oxidase complex, p67^Phox^, binds directly to Rac1 and Rac2 in neutrophils \[[@B51]\]. These data suggest that Rac acts as an allosteric regulator by inducing a conformational change in the preformed NADPH complex to promote catalytic activity. The pathogen-defense function of Rac has ancient origins. In plants, the Rac-related Rop proteins are involved in the elicitor-induced production of reactive oxygen species (ROS), products of an oxidative burst reaction that induces the death of infected host cells. As in the oxidative burst in mammalian neutrophils, ROS production in plants is carried out by an NADPH oxidase enzyme complex that contains a Rho-family GTPase (reviewed in \[[@B5]\]). In rice, over-expression of a dominant-negative Rop (OsRac1) inhibits ROS production and cell death in cells treated with the protein phosphatase inhibitor calyculin A, while constitutively active OsRac1 induces resistance of rice plants against a virulent blast fungus. These findings suggest a role for Rop in general disease resistance in rice. Rac-regulated H~2~O~2~ production is also involved in a second, developmental process, namely cell-wall formation in cotton fibers (and probably in other plants as well). In mammalian cells, Rac-regulated ROS production is not limited to pathogen-defense by neutrophils: it also has a key function in cell growth and transformation. Activated Cdc42 or Rac proteins that lack the \'insert domain\' (a carboxy-terminal motif that is found in all three Rho GTPase subgroups, but not in other small GTPases) fail to elicit ROS production in fibroblasts, and, unlike the full-length proteins, fail to support neo-plastic transformation \[[@B52],[@B53]\]. The targets for ROS that mediate these effects have not been identified, but protein tyrosine phosphatases, most of which negatively regulate mitogenic signaling and which are known to be exquisitely sensitive to oxidation, are prime candidates.

In conclusion, Cdc42 and Rac are evolutionarily old proteins. The six groups of GTPase effector proteins discussed here are also old. They are present in nearly all eukaryotes and, in most cases, retain their links to GTPases, and so are likely to represent fundamental links between Cdc42, Rac, and their effects on cell morphology and transcription. We do not, however, mean to downplay the importance of other effectors that appeared later in evolution. Clearly, proteins that we have not discussed - in particular Par6, MRCK, and Ack - are not only well-conserved by almost any standard but also known to carry out vital tasks in the organisms that express them. It is probable that the increased complexity of higher eukaryotes demanded additional GTPase effectors, and that these will need to be understood in detail to make sense of signal transduction in these systems. It is still useful to consider the GTPase machine at its most basic, however, as defined by the strict evolutionary filter used here (see Figure [2](#F2){ref-type="fig"}). The six groups of effectors we have discussed may have coevolved with Cdc42 and Rac GTPases from the time of their earliest appearance. The effectors perform vital tasks, and these tasks have been retained, though often modified, over evolutionary time. Understanding the interplay between the GTPases and these core effectors is important in determining how Cdc42 and Rac are linked to the actin cytoskeleton and to the transcriptional apparatus in eukaryotic cells.

Figures and Tables
==================

![Cdc42- and Rac-interacting proteins in the species discussed in the text. Rac and Cdc42 effectors are grouped into three categories: non-kinases, kinases, and lipid-modifying enzymes. These effectors are represented in the different species by colored lines according to their binding abilities: yellow for Rac, blue for Cdc42, and green for both. The absence of a line means that no homolog is known from current databases, and gray lines indicate that the homologous protein is present in the organism but has not yet been shown to interact with Cdc42 or Rac. The names of CRIB-domain-containing effectors are written in red.](gb-2002-3-2-reviews0002-1){#F1}

![Cdc42/Rac core effectors. Cdc42, Rac and their primary common conserved effectors are represented on shaded background. Rac-specific core effectors include NADPH oxidase and WAVE, while Cdc42-specific effectors include WASP. With the exception of Pak, all the effectors common to Rac and Cdc42 are involved only in actin reorganization. IQGAP and NADPH are the only effectors to act directly on actin or apoptosis (via ROS), with no secondary effectors required. MAPK pathways are shown in pink, actin polymerization pathways in yellow, and ROS pathways in blue.](gb-2002-3-2-reviews0002-2){#F2}

###### 

Cdc42 and Rac effectors

  Effectors                   Biological functions
  --------------------------- -------------------------------------------------------
  Actin-associated proteins   
   Formins                    Actin polymerization; cell polarity; cytokinesis
   IQGAP1                     Actin organization; regulation of cell-cell contacts
   WASP                       Actin polymerization
   WAVE                       Actin polymerization
  p140^Sra-1^                 Actin organization
  Adaptor proteins            
   POSH                       Jnk/NFκB activation
   Par6                       Cell polarity
  Lipid kinases               
   DGK                        Phosphatidic acid levels; maybe also actin regulation
   PI3K                       PIP~3~ levels; actin organization
   PI5K                       PIP~2~ levels; actin organization
  Miscellaneous proteins      
   Borg                       Actin organization
   CIP4                       Actin organization
   NADPH oxidase              ROS production; apoptosis
   POR1                       Actin organization
   SPEC                       Actin organization
  Phospholipases              
   PLC-β                      DAG/IP3 levels
   PLD                        Phosphatidic acid levels; cytoskeletal reorganization
  Serine/threonine kinases    
   MEKK                       Jnk activation
   MLK                        Jnk activation
   MRCK                       Actin organization
   Pak                        Actin organization; MAPK/Jnk activation; apoptosis
  p70^S6K^                    Transcription; cell-cycle progression; RNA processing
  Tyrosine kinases            
   Ack                        Actin organization

Abbreviations: Ack, activated cdc42-associated tyrosine kinase; Borg, binder of Rho GTPases; CIP4, Cdc42-interacting protein; DAG, diacylglycerol; DGK, diacylglycerol kinase; IP3, inositol trisphosphate; MEKK, mitogen-activated protein kinase (MAPK) kinase; MLK, mixed-lineage kinase; MRCK, myotonic dystrophy kinase-related Cdc42-binding kinase; NADPH, nicotinamide adenine dinucleotide phosphate; Pak, p21-activated kinase; Par, partitioning defective; PIP~2~, phosphatidylinositol 4,5-bisphosphate; PIP~3~, phosphatidylinositol 3,4,5-trisphosphate; PI3K, phosphatidylinositol 3-kinase; PI5K, phosphatidylinositol 4-phosphate-5 kinase; PLC, phospholipase C; PLD, phospholipase D; POR1, partner of Rac; POSH, plenty of SH3 domains; p70^S6K^, 70 kDa ribosomal S6 kinase; p140^Sra-1^, specifically Rac1-associated protein; SPEC, small protein effector of Cdc42; WASP, Wiskott Aldrich syndrome protein; WAVE, WASP-like verproline-homologous protein.
